Recently, the metalens has been investigated for its application in many fields due to its advantages of being much smaller than a conventional lens and is compatible with nano-devices. Although metalenses have extraordinary optical performance, it is still not enough in some occasions such as wavefront detection for adaptive optics and display for large area applications. Using a metalens array is an ideal solution to solve these problems. Unfortunately, the common metalens array cannot be adjusted once it is fabricated, which limits its range of application. In this article, we designed an actively tunable metalens array for the first time by arranging the patterned phase change material Ge 2 Sb 2 Te 5 (GST) appropriately. For the metalens array designed at the wavelength of 4.6 µm, it had excellent broadband performance in the range from 4.5 µm to 5.2 µm. On the other hand, by tuning the phase state of GST, the focus and display of the metalens array can be controlled, acting as switching on or off. Furthermore, any graphics constructed with patterned focal spots can be achieved when the metalens array has sufficient secondary unit cells. The proposed metalens may have potential application value in the adaptive optics and dynamic display field. of metasurfaces, the metalens has been designed to solve the problems of integration with modern nano-devices. Compared with conventional lens, metalens possess a smaller size due to a meta-unit induced abrupt phase shift for its phase distribution. Recently, many researchers have been dedicated to improving the optical performance of metalens, for example, focusing several discrete wavelengths at the same position [15, 16] ; achromatic focusing at a continuous broadband [17, 18] ; multi-focus for different wavelengths or polarized light [19, 20] ; and tunable ability utilizing stretchable materials, liquid metal, or phase change materials [20] [21] [22] [23] . All of these contributions have explored an exciting field to replace conventional lens with metalens to obtain better optical performance and higher integration. Nevertheless, for some special appliances such as wavefront detection and display in adaptive optics, a single metalens is not enough anymore.
Introduction
For conventional convex lens, its surface needs to be shaped to satisfy the following hyperbolodial phase profile:
where (x, y) is the coordinate of exit surface in lens; λ is the incident wavelength; and f is the focal length. The phase distribution is accomplished by optical path accumulation in the conventional lens, so it cannot have a thin and small size due to the limited refractive index of materials and processing technology. These limitations result in the fact that conventional lens no longer meet the requirement of modern nano-devices. Metasurfaces, a kind of novel 2-D metamaterial with the ability to flexibly manipulate the amplitude, phase, and polarization of light by adjusting the size or orientation of resonators [1] [2] [3] [4] , has been applied in many fields such as optical computing, beam steering, imaging, cloaking, hologram, and so on [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . As one of the most practicable appliances of GST will be changed greatly when its state is tuned between the amorphous state and crystalline state. Therefore, the patterned GST can be used directly to construct as the tunable meta-atoms instead of using it as a dielectric layer. This design method has decreased the complexity of the device further, making it more suitable for the integration of nano-devices. The structure arrangement diagram of the unit cell is shown in Figure 1a . The green blocks represent the patterned GST. Figure 1b shows one of the unit cells. The patterned GST is settled on the substrate SiO 2 , and a thin indium tin oxide (ITO) layer, sandwiched between the substrate and GST, is used as an electrical heating layer to tune the phase state of GST. Figure 1c is the top view of the unit cell. The patterned GST forms an angle θ with the x axis, which can be used to generate an abrupt phase. When a left/right circularly polarization (LCP/RCP) incident light propagates along the +z direction, the output light field can be simply expressed as:
Here, "±" is used to distinguish the polarization of the light, and the normalized coefficient 1/ √ 2 is neglected. α is the propagation constant that can be expressed as α = t o ± t e , where t o and t e represent the complex transmission coefficients along the optical fast axis and slow axis, which is determined by the parameters of the unit cell (p, l, w, h, ε(ω))("+" for cross-polarization and "-" for co-polarization). According to Equation (2), the incident light E L/R is divided into two cross polarized lights after passing through the unit cell. The same polarized light only has the amplitude modulation. The cross polarized light not only has the amplitude modulation, but also has the phase modulation of 2θ. When the angle θ is changed from 0 to π, the corresponding phase modulation can cover the whole range from 0 to 2π theoretically, which is sufficient for the metalens array. However, the parameters of the unit cell need to be designed carefully to satisfy the tuning function. When the patterned GST is in an amorphous state, the conversion efficiency from LCP to RCP should be high enough and the phase modulation should strictly satisfy the linear relationship of = 2 . When the patterned GST is in a crystalline state, the conversion efficiency from LCP to RCP should be low enough. Due to the low conversion efficiency, the corresponding phase modulation relations can be ignored. The simulation of the unit cell was performed using the finiteelement method in the frequency domain with the unit cell boundary in the xy direction and the open boundary in the z direction. In the simulation, the incident LCP was settled propagating along the +z However, the parameters of the unit cell need to be designed carefully to satisfy the tuning function. When the patterned GST is in an amorphous state, the conversion efficiency from LCP to RCP should be high enough and the phase modulation should strictly satisfy the linear relationship of ϕ = 2θ. When the patterned GST is in a crystalline state, the conversion efficiency from LCP to RCP should be low enough. Due to the low conversion efficiency, the corresponding phase modulation relations can be ignored. The simulation of the unit cell was performed using the finite-element method in the frequency domain with the unit cell boundary in the xy direction and the open boundary in the z direction. In the simulation, the incident LCP was settled propagating along the +z direction through the substrate. The GST data were obtained from the experimental data in [37] , where the dielectric function ε(ω) was investigated by infrared spectroscopy and spectroscopic ellipsometry. The big differences of ε(ω) between amorphous GST and crystalline GST at the wavelength of 4~5.4 µm are shown in Figure 2 . Considering that the parameters p, l, w, and h are designed to determine the conversion efficiency, we needed to sweep the parameters, picking up the parameters where the conversion efficiency was high enough. Due to the four freedom, the data are complicated. Here, only the conversion efficiency versus l and w is depicted in Figure 3a , when p was fixed as 3 µm and h is fixed as 2.5 µm. Finally, the parameters of the unit cell were determined as p = 3 µm, l = 1 µm, w = 0.7 µm, and h = 2.5 µm. Figure 3b shows the relationship between the conversion efficiency from LCP to RCP and wavelength when GST is in amorphous state and crystalline state. The conversion efficiency exceeded 75% in the whole range from 4.5 µm to 5.2 µm when GST was in an amorphous state, while it was less than 10% for crystalline GST. At the designed wavelength of 4.6 µm, when the angle θ changed from 0 to π, the phase modulation of the unit cell for both GST states are shown in Figure 3c . While the GST was in an amorphous state, the abrupt phase covered the whole 2π range linearly. Figure 3d shows the relationship between the conversion efficiency and rotating angle θ. When θ = 0, the conversion efficiency for amorphous GST was as high as 89.1%, while the conversion efficiency for crystalline GST was only 9.2%. When the angle changed from 0 to π, the conversion efficiency hardly changed for both GST states, which proves the high stability of the unit cell. In contrast, the co-polarization efficiency was considerably high (94%) when GST was in a crystalline state, while the co-polarization efficiency was only 14% for the amorphous state, as shown in Figure 3e . Figure 3f proves that the co-polarization light does have any phase modulation, as the theory predicted. This means that the incident light can pass through the unit cell just like passing through a transparent dielectric when GST is in a crystalline state. All the simulation results showed that the designed unit cell can very well meet the requirements of tunable function.
Then, the designed unit cell needs to be arranged appropriately to satisfy the hyperbolodial phase profile Equation (1) with θ(x, y, f ) = ϕ(x, y, f )/2. In our design, the radius of the single metalens was 30 µm, and the focal length was 60 µm with the numerical aperture (NA) of 0.45. Next, a single metalens was considered as the secondary unit cell to compose the metalens array. For simplicity, a 3 × 3 tunable metalens array was designed as shown in Figure 4 . The green blocks represent the amorphous state GST, which can convert the incident LCP light into RCP light, then focus it at the focal plane. The red blocks represent the crystalline state GST, which could hardly convert the polarization of the incident light, thus no light was focused at this area. The proposed structure can be fabricated using electron beam lithography (EBL) and atomic layer deposition (ALD) methods. The combination of two methods can ensure that the structure has better conformality. The ITO layer can be sputtered on the substrate. As a thin film of transparent electrode, it has sufficient conductivity to allow the electrical Joule heating of the GST, so the state of the GST can be changed reversibly by applying an appropriate electrical current pulse (equivalent to~0.3 V) [29] through the conductive layer; at the same time, it has little influence on the phase modulation. On the other hand, a high-repetition-rate femtosecond laser is also a good choice to switch the proposed device [23] .
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Results
The results of the metalens array was simulated by using the finite integration method in the time domain and the open boundary condition was adopted for all directions, while the minimum size of the mesh was set as 40 nm to minimize numerical errors. The incident light was the 4.6 μm LCP plane wave in the simulation. First, when all of the GST were in an amorphous state, the incident LCP light was converted into the RCP light and focused at the focal plane. Figure 5a shows the light field distribution of the metalens array in the xz plane. Viewed from this section, the focal length of the metalens array was 62.4 μm. The result had a slight deviation from the designed 60 μm because of the discontinuous phase distribution. However, the depth of focus was fairly large, which will have great advantages in many fields such as microscopy, endoscopy, detection cameras, and so on. 
The results of the metalens array was simulated by using the finite integration method in the time domain and the open boundary condition was adopted for all directions, while the minimum size of the mesh was set as 40 nm to minimize numerical errors. The incident light was the 4.6 µm LCP plane wave in the simulation. First, when all of the GST were in an amorphous state, the incident LCP light was converted into the RCP light and focused at the focal plane. Figure 5a shows the light field distribution of the metalens array in the xz plane. Viewed from this section, the focal length of the metalens array was 62.4 µm. The result had a slight deviation from the designed 60 µm because of the discontinuous phase distribution. However, the depth of focus was fairly large, which will have great advantages in many fields such as microscopy, endoscopy, detection cameras, and so on. Figure 6a shows the normalized intensity along the z direction when x = y = 0, exhibiting its great application potential in large focal depth optical systems. Figure 5c shows the light field distribution of the metalens array in the xy plane at the position of z = 62.4 µm. A 3 × 3 focal spot distribution was very clear in the focal plane. Each focal spot was located at the center of each area with the same intensity. The focusing efficiency for the metalens array was 80.2%, which is considerably high for a transmissive metalens array. Here, the focusing efficiency was defined as the ratio of light intensity of the focal plane to the incident plane. Figure 6b shows the normalized intensity of the metalens array in the x direction while y = 0. The full width at half maximum (FWHM) of the spot in the focal plane was 4.60 µm. The FWHM was less than 1.22λ/2NA, indicating that the resolution of the metalens array has gone beyond the resolution limit of a conventional lens, and has great potential in the high resolution imaging and detection field. In addition, the metalens array can also be employed as a transparent dielectric by applying a voltage to the ITO conductive layer to transfer the phase state of GST into the crystalline state. In this case, the incident LCP will pass through the metalens array where only a very small part of the light is converted into RCP light, thus little light is focused behind the metalens array, as shown in Figure 5b ,d. The simulation results prove that the performance of the proposed actively tunable metalens array can be easily controlled and used more flexibly in some occasions.
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However, the proposed actively tunable metalens array not only acts as the focusing metalens array or transparent dielectric, but also contributes in the dynamic display area. The switching speed for GST is very fast (nanosecond or less) when the electrical or optical tuning method is adopted [29] . By controlling the phase state of GST instantaneously, any spot distributions can be obtained. Figure 9a-d show the focused graphics of letters and symbols "H", "L", "+" and "−" with the same metalens array. When the metalens array is large enough with N × N unit cells, more complicated graphics can be formed in the focal plane. Benefitting from the ultrafast switching speed of GST and high resolution of the metalens, the proposed actively tunable metalens array may have great application potential in the dynamic display field. However, the proposed actively tunable metalens array not only acts as the focusing metalens array or transparent dielectric, but also contributes in the dynamic display area. The switching speed for GST is very fast (nanosecond or less) when the electrical or optical tuning method is adopted [29] . By controlling the phase state of GST instantaneously, any spot distributions can be obtained. Figures  9a-d show the focused graphics of letters and symbols "H", "L", "+" and "−" with the same metalens array. When the metalens array is large enough with N × N unit cells, more complicated graphics 
Conclusions
Phase change material GST is commonly used in tunable nano-photonic devices as a dielectric layer. In this article, patterned GST was directly used as the resonators of metasufaces, which makes the devices thinner and more flexible. When GST is in an amorphous state, the designed unit cell can convert incident light into the cross polarized light with phase modulation. When GST is in the crystalline state, the unit cell just passes through the incident light without polarization conversion and phase modulation. First, the unit cells were arranged appropriately to construct the metalens according to the phase profile; then using the metalens as the secondary unit cell, a 3 × 3 metalens array was designed. By tuning the phase state of GST, the tunable metalens array can be actively switched on or off, acting as a metalens array or transparent dielectric. Moreover, the designed metalens array has great focusing ability beyond the resolution limit of a conventional lens. Furthermore, the broadband performance of the metalens array was also confirmed. Additionally, the focal spots can form any graphics ("H", "L", "+" and "-" are shown in the article) by locally tuning the phase state of GST, and we believe that it has great potential in the dynamic display area.
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The authors declare no conflicts of interest. Figure 9 . By actively tuning the same metalens array, different graphics are shown in the focal plane as (a) "H", (b) "L", (c) "+", and (d) "−".
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